Abstract: Ferrocene and its derivatives constitute versatile and interesting scaffolds for the global chemical enterprise due to its multiple applications that range from biomedical to materials science. Ferrocenyl derivatives are the leading compounds in our research for the syntheses and characterization as well as their potential biological applications. Among them, our recent focus has been in ferrocenyl chalcones as a framework for further derivatization. The proposed modifications consist on the incorporation of heterocyclic moieties into the ferrocenyl chalcone core. This can be afforded either by introducing a heterocyclic aromatic moiety as a substituent or functionalizing the α-β unsaturated system. Another modification explored is the formation of ammonium or pyridinium salts to increase water solubility. Studied ferrocenyl chalcones exhibit remarkable stability, physical, and electrochemical properties. These factors have led the approaches for them to be precursors of biologically active compounds (cancer, bacteria, malaria, and neurobiological diseases). Moreover, other potential applications include molecular materials, redox-sensors, and polymers. Our goal in this mini review is to highlight the chemistry of ferrocene derivatives with particular prominence to those ferrocenyl chalcones studied in our laboratory and their applications. Moreover, we are providing a background on ferrocene, chalcones, and ferrocenyl chalcones, emphasizing the methodologies with preeminent yields.
Ferrocene
Kealy and Pauson first synthesized Ferrocene in 1951 ( Fig. 1 ) [1] . Its tridimensional structure, in which the Fe 2+ ion is sandwiched between two cyclopentadienyl anions was determined by Woodward and Wilkinson in 1952 [2] . Fischer and coworkers also studied and confirmed the structure of ferrocene by nuclear magnetic resonance spectroscopy and X-ray crystallography [3] . Fischer focused his interest on the synthesis of several metallocenes [(M(C 5 H 5 ) 2 ], replacing iron by cobalt and nickel. In 1973 Fischer and Wilkinson were awarded the Nobel Prize for their contributions to organometallic chemistry. The discovery of ferrocene is a topic of discussion since Pauson et al. reported the synthesis first, but Miller reported to have done the work 3 years earlier [4] . Nevertheless, the discovery marked a novel contribution in organometallic chemistry by being the first organometallic sandwich structure ever reported.
Because of its structure, ferrocene soon attracted the attention of scientists. It is a small, non-toxic neutral metal complex, stable in air and water. Its aromaticity, ease of functionalization and reversible redox behavior of the metal center are some of the attractive features of ferrocene-based molecules as scaffolds for diverse applications. Ferrocene has been used as internal reference/standard in electrochemical experiments, as well as others ferrocene derivatives like decamethylferrocene, making it a molecule implemented in several experimental procedures [5, 6] . Since its discovery, ferrocene has remained at the forefront of organometallic chemistry as shown in Fig. 2 .
Every decade the number of publications related to ferrocene and its derivatives has substantially increased. However, the number has almost duplicated during the last 7 years. Among the multiple applications in electroactive materials, material sciences, biofuel cells, films, aerospace materials, surface science, biophysics, polymers, sensors, non-linear optical materials, catalysis, among others, its introduction to the field of bioinorganic chemistry has been the most remarkable and promising one [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Biomedical studies of organometallics have contributed novel therapeutic agents for devastating diseases as malaria, bacterial infections, cancer, fungus, and others.
Biological applications Bacterial
Infections caused by bacteria are a serious problem for health. Although there are many antibiotics that can be effective, there is the limitation that bacteria create resistance. Therefore, the development of new therapeutic agents is necessary. One of the approaches to overcome the resistance of bacteria is to modify biologically active natural molecules with ferrocene and study their differences in bioactivity. Several ferrocenyl analogs of antibiotics have been synthesized and tested for antibacterial activity (Fig. 3 ) [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Interestingly, in some instances, the antibiotic activity improved as is the case of penicillin and cephalosporin analogs reported by Edwards et al. They were the first to work on the substitution of a phenyl group by the ferrocene moiety [31] , however, rifamycin analogs showed similar or lower activity [32] . 
Malaria
Infections caused by parasites continue to be one of the leading causes of death in humans. Among these infections, malaria is one of the main global diseases caused by parasites in the world [33] . According to the 2017 Malaria Report of the World Health Organization (WHO), approximately 216 million clinical cases were reported showing an increase of about 5 million cases since 2015 of malaria, and 445 000 deaths in comparison to 438 000 for 2015 [34] . Plasmodium is the cause of malaria infections and is transmitted to humans by a female mosquito of the genus Anopheles. There are five types of Plasmodium species that can cause malaria in humans: Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale, Plasmodium malaria and the simian Plasmodium knowlesi. Among these, the main source of life-threatening infections due to human malaria is Plasmodium falciparum [35, 36] . For many years, the most widely used medicine to treat malaria has been chloroquine due to its efficacy and accessibility [37] . Conversely, falciparum strains have developed resistance to chloroquine. This has sparked researchers' interest in designing and developing new potential antimalarial drug that could be used along or combined with other drugs. An example is the combination therapy based on artemisinin. However, there are some disadvantages on this therapy: it is very expensive, it requires the use of other drugs, and it is administered by non-oral means [35] [36] [37] [38] [39] . Many researchers continue to be focused on exploring and synthesizing new compounds with antimalarial potential that could be more effective, quicker and less harmful to health. Among the compounds that have shown promising biological activity, there are ferrocene-containing compounds such as ferroquine as well as many others (Fig. 4 ) [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . Ferroquine is currently in an advanced phase of the clinical trial.
Cancer
Cancer is the main global social health problem, being the second leading cause of death. [54] . Currently, various treatments for cancer are used, including surgery, radiation, chemotherapy, hormones or immune therapies. Of these, the directed drug therapy is currently the most studied. Many researchers are focusing on the design and development of new therapeutic agents that could be highly selective for cancer cells and reduce the side effects of current therapies [55] . As aforementioned, ferrocene analogs of several known bioactive compounds and new compounds have been synthesized and studied (Fig. 5 ) [56] [57] [58] [59] [60] [61] [62] [63] . Although results have been varied, in many reported cases the presence of ferrocene replacing a phenyl group has drastically altered the effectiveness of compounds active against some types of cancer. For example, the common drugs used to treat breast cancer are tamoxifen and hydroxytamoxifen. These drugs have severe side effects that include blood clotting in the lungs and promote the development of resistance to the drug [64] . In ferrocifen, the ferrocene analog of tamoxifen and hydroxyfen, a phenyl group is replaced by the ferrocene moiety (Fig. 5 ). Jaouen and Metzler-Nolte varied the length of one of the carbon chains of the molecule and tested for antiproliferative activity. It was found that the addition of ferrocene to the drug increased its antiproliferative activity, specifically against hormone dependent and independent breast cancer cells [7] . A very interesting fact is that tamoxifen is not active against estrogen independent breast cancer cells, the activity presented by ferrocifen is attributed to the redox properties of the Fe +2 complex, leading to oxidative damage to DNA [65] . Although it has been reported that the substitution of aromatic moiety by ferrocene influences the solubility, lipophilicity and hydrophobicity, and that there are several structure-activity relationships (SAR) studies and proposals on mechanisms of action, there is still much to investigate to better understand the specific biochemical interaction of ferrocene producing its pharmacological effect [7, [66] [67] [68] [69] [70] .
Chalcones
Chalcones are natural occurring compounds of the flavonoid family, found in plants. These compounds consist of an α-β unsaturated ketone with two phenyl groups that can be found in both Z (cis) or E (trans) conformations. Chalcones have shown very diverse and significant biological activity related to the electron conjugation of the system since, when interrupted, the activity is essentially lost [74] . In fact, chalcones are precursors of flavonoids and isoflavones, which make them very important intermediates for the synthesis of many pharmaceuticals and heterocyclic compounds (Fig. 6 ) [75] . These properties make them a very popular synthetic target. Therefore, chalcones and their derivatives have been studied for years, reporting numerous compounds using various synthetic pathways.
Essentially, the most popular method for the synthesis of chalcones consists on the condensation of the corresponding acetophenone and aromatic aldehydes via an Aldol or Claisen-Schmidt condensation [76] . Many parameters of these condensation reactions have been altered to find optimal reaction conditions. The traditional method includes the use of an acid or a base under reflux conditions. Nevertheless, not all reactions proceed under these conditions or provide high yields. Another approach is the solvent-free reaction, which usually results in higher yields and shorter reaction times [77] . Even though solvent free reactions provide a greener approach, labile reagents might oxidize or decompose under these conditions. To further improve the interactions between the corresponding starting materials, microwaves or sonication can be used and often allow reactions that do not proceed under the previously mentioned methods [78, 79] . The use of catalysts for Claisen-Schmidt condensations is also very common. Catalysts include: oxides, basic catalysts, ionic liquids, transition metal catalysts, among others [80] [81] [82] [83] [84] . Even though Aldol or Claisen-Schmidt condensations are the most common, other successful reactions have been reported. Some include Suzuki coupling, Heck, Julia-Kocienski olefination, Wittig olefination and Mannich reaction [85] [86] [87] .
Chalcones and their derivatives exhibit biological activity towards a large array of bacteria and diseases. Chalcones have been modified on the search for potent drugs, commonly but not limited to replacing one of the phenyl groups with other aromatic substituents that show activity. Generally, a compound with more than one pharmacophore should be more active than its individual counterparts. Remarkable activity has been achieved in the treatment of cancer, malaria, HIV, Alzheimer's disease, diabetes and as antimicrobials, anti-inflammatory and anti-oxidizing agents [88] . Chalcones bearing coumarin, colchicine, imines, furan rings, heterocyclic rings, and many other moieties have been reported with promising anti-cancer potential (Fig. 7) [74] . Coumarin-chalcones were reported with significant activity (IC 50 from 3.59 to 8.12 μM) and selectivity to human cancer cell lines. Results showed that chloro groups at the para-position on the chalcone pharmacophore decreased selectivity to cancer cells, and that ester groups on the third position of the coumarin were essential for activity [89] . Chalcones bearing anthraquinones have also shown promising cytotoxicity (IC 50 from 1.76 to 6.11 μM) and selectivity towards K562, HeLa, LS174, and A549 cancer cell lines [90] [91] [92] . Widely, hydroxyl and carbonyl groups were very common amongst substituents as well as electron withdrawing groups (nitro, cyano) mainly at the meta-positions, which increased anti-cancer activity in several cases. As anti-malaria agents, nitrogen containing heterocycles and methoxy bearing aryl groups have been resounding functionalities for the treatment of Chloroquine resistant strains of Plasmodium falciparum [93, 94] . Similar structural patterns followed for anti-bacterial, anti-inflammatory and antioxidant agents [95, 96] . Anti-HIV chalcones were highly substituted with electron donating groups, mainly methoxy [97, 98] . Chalcones are very versatile compounds both synthetically and bio-medically. As of now, two chalcone-based drugs have been approved (Fig. 8) . Metochalcone, a choleretic drug and sofalcone, an anti-ulcer agent [98] .
Ferrocenyl derivatives
Ferrocenyl derivatives have shown significant activity as anti-tumor agents to various types of cancers including breast, prostate and colon cancer [99] . Among the most studied groups of molecules for cancer activity are those containing multiple phenolic groups. Specifically, chalcones, flavonoids and stilbenes because of their antioxidant potential to trap free radicals [100] . Even though the role of ferrocene in the enhancement of biological activity is not fully understood, it is adjudicated to its physical and chemical properties, such as lipophilicity, size and reversible oxidation-reduction [101] . Building upon knowledge that organic chalcones exhibit biological activity, recent research reports that the substitution of one of the two-phenyl rings with a ferrocene group enhances their already observed biological activity. Ferrocenyl chalcones have shown significant activity as anti-tumor, anti-bacterial, and anti-plasmodium agents, among others [102] .
Ferrocenyl chalcones
Ferrocenyl chalcones (Fig. 9 ) have been synthesized with a variety of substituents and synthetically transformed into other derivatives. Like the chalcones mentioned before, the ferrocenyl ones have been prepared by condensation reactions and other types of reactions, like couplings and olefinations [86] . In our research laboratory, a variety of ferrocenyl chalcones have been synthetized applying different approaches including green chemistry when possible. Our approaches for the Claisen-Schmidt condensation include solvent-free base catalyzed methods, and alcoholic base catalyzed media at room temperature or heat. In some cases, Stork's approach at reflux was required to obtain the desired product.
The most traditional method reported in literature for the preparation of ferrocenyl chalcones, has been the ethanolic media Claisen-Schmidt condensation catalyzed by sodium or potassium hydroxide. The reactions time (from minutes to days) and yield were variable as shown in the Table 1 , depending of the aromatic ring and its substituents. The reported workup procedures include extraction, low-pressure solvent evaporation, column chromatography and recrystallization [42, [102] [103] [104] [105] . Moreover, other approaches for the Claisen-Schmidt condensation to produce ferrocenyl chalcones were widely implemented. Some of the research groups reported solid-phase conditions using Al 2 O 3 and SiO 2 , and solvent-free conditions with or without microwave, or using ultrasound under catalytic conditions, like NiFe 2 O 4 (nanoparticle), KF/Al 2 O 3 , or Aliquat 338. These reported alternate methods decreased the reaction time to 3-30 minutes (depending on the aromatic ring and its substituents) and the yields increased significantly to 83-98 %. The workups reported also implement extractions followed by solvent evaporation and purification by recrystallization [106] [107] [108] [109] [110] [111] [112] .
Based on the SciFinder database search, there is more than a 100 different ferrocenyl chalcones reported. Many research groups around the world have worked and reported the synthesis of the most common ferrocenyl chalcones like the one without substituents in the phenyl ring. For these reasons, we focus this part of our mini review in the ferrocenyl chalcone preparation by condensation approaches from acetylferrocene or ferrocenecarboxaldehyde with the corresponding aromatic aldehyde or ketone (Fig. 10) . We summarize in the following tables (Tables 1 and 2 ) the reaction conditions and time for the highest yields reported in SciFinder [113] for each one of the ferrocenyl chalcones that have also been synthetized by our research group. As of our knowledge, fourteen of the ferrocenyl chalcones in the tables are novel and have only been synthesized in our laboratory. Novel ferrocenyl chalcones synthetized by our research group.
All our novel compounds were characterized sustaining their structure and purity by C NMR chemical shifts for monosubstituted ferrocenyl chalcones which are present in all of our compounds with minimum variations depending on the substituent group. For the 1 H NMR the ferrocenyl show shifts around 4-5 ppm, the aromatic and α,β-unsaturated alkene peaks are observed between 6 and 9 ppm, and the coupling constants (J) consistently ranged from 14 to 16 Hz, which confirms an E configuration of the alkene. When crystals were not obtained, we performed HRMS spectrometry and for the crystallized compounds the crystallographic structures were obtained. For example, the crystallographic structure of the ferrocenyl chalcone (E)-1-ferrocenyl-3-(2-methoxyphenyl)prop-2-en-1-one was reported by our research group [114] .
We also explore the electrochemical properties of our ferrocenyl chalcones in collaboration with another research group. Using the electrochemical parameters obtained by the cyclic voltammetry we generalize some common aspects of the compounds and compare the two isomeric systems, 1-ferrocenyl (1-Fc) vs 3-Ferrocenyl (3-Fc). As we discussed in our previous publication, the ferrocenyl chalcone salts prepared from the pyridinyl chalcones in Table 2 , showed a tendency for the formal redox potential (E°). The formal redox potential (E°) for the 1-Fc chalcones is higher than the formal redox potential for the 3-Fc compounds, suggesting an electronic effect caused by the proximity of the ferrocene to the carbonyl moiety [115] .
We have also been working with ferrocenyl dichalcones. Ferrocenyl dichalcones can be prepared employing analogous methods for ferrocenyl mono chalcones from 1,1′-diacetylferrocene or 1,1′-ferrocenedicarboxaldehyde as shown in Fig. 11 . The synthesis of these type of chalcones has been reported by a few research groups, but there is less variety of synthesized compounds and publications than for the ferrocenyl chalcones [144] . The most explored application of these compounds is for materials science and preparation of chemosensors. Some groups have focused their studies on the biological activity of these compounds as anticancer and radical scavenging agents [145, 146] . The syntheses reported also apply various basic catalyzed ClaisenSchmidt condensation approaches, as well as the use of microwave and solvent-free methods with variations in the temperature (low, room temperature, or heat) and concentration of the reactants. Those variations are focused on finding conditions that avoid the formation of side products (Figs. 12 and 13) [147, 148] .
The aromatic ring in the ferrocenyl dichalcones reported by other research groups, include some of the G groups presented in the tables for the ferrocenyl mono chalcones such as phenyl, 2-and 4-chlorophenyl, 4-N,N-dimethylaminophenyl, 4-methoxyphenyl, 2-, 3-, and 4-nitrophenyl, 2-pyridyl among others [144] [145] [146] [147] [148] . We have also been working with most of the aromatic rings included in the previous tables for the preparation of ferrocenyl dichalcones and various of the products obtained are rather novel, such as the dichalcones of 3-pyridyl, 2-methoxyphenyl, and 4-acetamidophenyl. Our research interest is also focused on Green Chemistry. For this reason, we have always tried to implement solvent-free approaches for the synthesis of our compounds, while possible, and tried to avoid harmful purification methods.
As mentioned at the beginning of this mini-review, our research group is not only focused on the synthesis and characterization of ferrocenyl chalcones. We have also studied in collaboration with other research groups, the possible applications of our compounds as potential biological active agents against Plasmodium bergei (for antimalarial bioassays), against various cancer cell lines MDA-MB-231 (non-estrogen dependent breast cancer), MCF-7 (estrogen-dependent breast cancer), PC-3 (prostate cancer), HeLa (cervix cancer), A-375 (melanoma), and against some bacterial strains like Escherichia coli and Staphylococcus aureus. We have also explored their applications as radical scavenging compounds and as biosensors. For example, the 4-benzyloxy-3-methoxyphenyl ferrocenyl chalcone shows an IC 50 of 11.51 microM as radical scavenging in the DPPH assay and presents 34 % of inhibition for the HeLa cell line after 24 h of incubation at 25 microM concentration.
As presented on the Scheme 1, in order to increase the potential of our compounds we derivatized the enone in the ferrocenyl chalcones to obtain new compounds. Moreover, we have further functionalized the substituents at the aromatic rings of the ferrocenyl chalcones. We implemented a nucleophilic attack to obtain quaternary amines from our nitrogen containing ferrocenyl chalcones and prepared 11 novel ferrocenyl chalcone amine salts. Nine of these salts exhibit high solubility in water. Water solubility is very important for our intention to develop new potential drugs, because many organometallic compounds with promising biological activity, including the ferrocenyl chalcones, are insoluble in water. For a compound to be useful clinically they have to be soluble at their biological absorption site [115] .
Another explored modification is the use of ferrocenyl chalcones as monomeric units for the synthesis of polymers. With this in mind, acrylamide ferrocenyl chalcones were prepared from 4-amino ferrocenyl chalcones to obtain the monomer for the preparation of various polymers. Our main interest in ferrocene polymers is to obtain a broad range of properties by the incorporation of different functional groups within the monomeric units in order to enhance the electrochemical properties of the monomers and expand the ability to donate electrons, to explore their potential applications as multi stimuli responsive biosensors. The synthetic steps include chemioselective reduction of nitro containing precursors, amidation of a phenylamine substrate and its radical polymerization reaction to obtain co-and terpolymers. Ferrocenyl chalcone derivatives have been obtained with yields that vary from 65 % to 86 %, while polymers have been obtained from 64 % to 76 %. The characterization of these polymers was achieved using, IR spectroscopy, UV-Vis spectroscopy, and electrochemical techniques. Uses for such types of polymers include: light emitting diodes, electrochemical sensors, thin film transistors, and liquid crystals [149] [150] [151] . Another application for ferrocene polymers is the development of supramolecular gels that are stimuli responsive in order to improve drug delivery methods and biosensing capabilities [152] . An ongoing research in our group is focused on some known biologically active compounds such as curcumin, cannabidiol (CBD), and pentamidine. Curcumin has shown antioxidant, antimalarial, anti-tumoral, anti-inflammatory, antimicrobial, among others properties [153] . CBD has shown different pharmacological effects, working for inflammatory, neurodegenerative diseases and cancer [154] . Pentamidine has proved to be a very effective antimalarial, antifungal, antiparasitic and antibacterial agent [155] . For these reasons we are working on the syntheses of ferrocenyl analogs of these natural products.
Conclusion
We present an overview on ferrocene and some of its derivatives, focusing on ferrocenyl chalcones' potential applications, and synthetic approaches. This converges with our research area of interest, which contributes to: the synthesis of novel ferrocenyl chalcones; the improvement of synthetic methodology; the examination of subsequent derivatizations and relevant characteristics; and the possible biomedical and materials applications. The chemistry of ferrocene and its derivatives is a fascinating area of research that is still under developed. There are many research questions to be answered, and a broad spectrum of applications to be explored. Ferrocene will and should continue inspiring researchers to design and synthesize derivatives, especially drugs with higher efficiency toward devastating diseases.
